Measurement of colloid osmotic pressure complements measurements of pulmonary artery wedge pressure for assessing the risks of pulmonary edema and constitutes an increasingly important reference forpurposes of guiding selection of colloid or crystalloid fluids in patients with acute cardiac disease. We describe a simple device for its routine clinical measurement. A membrane, selectively impermeable to molecules of relative molecular mass (P4) >30 000, is rigidly mounted between a sample chamber and a reference chamber filled with isotonic saline. A pressure transducer measures the negative pressure developed in the reference chamber and displays it on a digital panel meter: The sensor chamber accommodates samples of 50 to 300tl. Equilibration Is completed within 2 mm. A control solution of human serum albumin (50 g/llter) is measured to confirm the accuracy of calibration of the system, with reproducible readings of 25.9 9/cm2 within one SD (equivalent to 0.4 9/cm2). Devices for measuring colloid osmotic pressure have previously been described by Hansen (1), Prather (2,3) and Intaglietta (4). Each was relatively reliable but technically too demanding for routine clinical application. In the instance of the Hansen oncometer, the sensor was assembled with the operator's hands immersed in a water bath. In both the Hansen and Prather oncometers, reproducibility of readings was limited, in part, because of variations in the tension applied to an artificial membrane that was stretched between the sample and the reference chamber.
Materials and Methods

Description of the Oncometer System
The oncometer includes a sensor, an amplifier, and data displays. The osmotic pressure of a sample is converted to an electrical signal by a conventional pressure transducer (Model P23Db; Gould Statham, Oxnard, Calif. 93030) and the output is conditioned by using conventional amplifying technique The sensor includes a presssure transducer, two polycarbonate-threaded chambers comprising the sample and reference chambers, separated by a semipermeable membrane ( Figure 2 ). The sample chamber also serves as a clamping disk for the membrane. A Teflon 0-ring (Parker 2-01 iT) between the sample chamber and the membrane provides a peripheral seal, which prevents lateral diffusion of the sample. The reference chamber is contiguous with the pressure transducer and contains isotonic saline. The support area for the membrane is slightly convex towards the sample chamber, which provides a rigid seat without unduly stretching the membrane. Seating and proper stretching of the membrane between the sample chamber and the reference chamber are automatic when the chambers are screwed together. This method of membrane support constitutes a simple method of sensor assembly and obviates the need of immersing the sensor under water to ensure an air-free reference chamber.
The oncometer incorporates a specially selected PM-30 membrane (Amicon Corp., Lexington, Mass. 02173), selected for its impermeability to molecules larger than 30 000. A previous study by Prather et al. (2) in which the PM-30 membrane was compared to the UM-lO, UM-20E, and PM-b membranes, which are permeable to smaller molecules, demonstrated that more optimal compromise between equilibration, recovery, and validity of the measurement was obtained with the PM-30 membrane. More than 95% of bovine albumin Fraction V is retained with these specially selected PM-30 membranes. Membrane selection is by the ultrafiltration method (Amicon Corp. QCT 008).
Calibration of the System
The pressure-measuring system is calibrated with the use of a precision U-tube mercury manometer built into the unit. With the sensor assembly connected to the pressure source, pressures of 0 and -50 g/cm2 are applied to the sensor by counterclockwise rotation of the pressure control, and are quantitated by the mercury manometer. The ZERO (Ri) and GAIN (R3) controls are adjusted to provide 0 and 50 g/cm2 readings on the digital display. The accuracy of calibration, and integrity of the pressure measuring system, and appro- 
Methods of Analysis
Sample size: The sensor accommodates sample volumes from 50 to 300 Ml. To minimize errors due to sample size, the volume of isotonic saline solutions used as a reference and the chamber should be about the same. After calibration and before each analysis, the ZERO (Ri) control is adjusted to maintain a reading of 0 g/cm2 on the digital display, ref-
erencing the system to "atmospheric zero." The isotonic saline solution is then absorbed with a gauze pledget and the sample is deposited onto the membrane with a disposable aspirating pipette. Errors due to differences in sample size are caused by hydrostatic differences in fluid height and increases in colloid osmotic pressure by 0.14 g/cm2 per 200-,d sample.
Results
Technical variables
Reproducibility:
Comparative measurements of colloid osmotic pressure on 114 paired samples with the present instrument and that described by Prather et al. (2) had a mean difference of 4.28 X 10-2 g/cm2 and a t -value of 0.5357. Thus there was no significant difference between results with the present instrument and the device of Prather et al.
For purposes of confirmation, a reference solution of 50 g of human serum albumin per liter (Hyland; Los Angeles, Calif. 90039),standardized by the biuret technique, was used. When day-to-day samples were analyzed, including measurements on eight individual membranes during 84 days, the mean colloid osmotic pressure of the reference solution of albumin was 25.9 g/cm2, with a standard deviation of 0.4 g/cm2. Accordingly, a range of reference values equivalent to two standard deviations, i.e., 25.1-26.7 g/cm2 was accepted.
Equilibration is complete within 2 min unless the membrane is damaged or improperly sealed.
Reference solution:
We investigated bovine serum albumin ("Pentex"; Miles Lab., Elkhart, md. 46514) as an alternative to human serum albumin as a reference solution. The relationship between concentration and plasma colloid osmotic pressure of bovine serum albumin as measured with the Oncometer (Figure 3 ) conforms to the relationship previously reported by other workers (3, 4) . T70 Dextran: Because of its widespread use and decreased cost, T70 Dextran (relative molecular mass, 70 000) was investigated as an alternative to albumin (Mr 67 000) in reference solutions. However, the Dextran promptly diffused into the isotonic saline solution in the reference chamber, accounting for fallacious reduction in the measured colloid osmotic pressure. This is attributed to the wide range (31 000-164 000) of the relative molecular mass of this dextran (Microdex; Pharmacia, Piscataway, N.J. 08854) as compared with the range (66 300-69 000) for human albumin (12) .
Dextran molecules were trapped on the sponge-like surface of the membrane facing the reference chamber. Diffusion of the dextran molecules into the reference chamber also ac- A maximum drift of -0.3 g/cm2 per degree Celsius was observed during the course of our studies. Combined thermal responses of the signal conditioner, the digital panel meter, and the pressure transducer excitation potential, however, may have either positive or negative temperature coefficients. Overall thermal response varied randomly from system to system. The thermal effect on the calibration of four different oncometers is shown in Figure 5 . Because the equilibration time is typically less than 2 mm, the maximum variation in room temperature observed in our laboratory (5 #{176}C) did not significantly affect the overall accuracy of the measurement when this was specified as ±0.7 g/cm2, or ±2% of measured colloid osmotic pressure.
Anticoagulant:
Heparin (Mr = 20 000), commonly used as an anticoagulant, in concentration of less than 100 USP units/mi of whole blood had no effect in the measured colloid osmotic pressure, and such concentrations are routinely used for anticoagulation of blood specimens. However, when heparm concentrations exceeded 100 units/mi, colloid osmotic pressure was increased by 2.2 g/cm2 per 100 units/ml. This error is attributed to the osmotic effect of heparin. Anticoagulants such as EDTA or sodium oxalate also produce colloid osmotic pressure readings that vary considerably as compared to a heparinized sample (14) .
Values for Normal Subjects
The . The mean difference between the supine and ambulatory subjects is 14.8%, a highly significant difference (P >0.005). This difference between ambulatory patients and patients confined to bed is consistent with the observations of others. Ladegaard-Pederson (16) noted that colloid osmotic pressure varies ±10% day-to-day in patients confined to bed, with a mean variation of 3.5 g/ cm2.
Clinical Experience
More than 80 years ago, Starling (17) pinpointedcolloid osmotic pressure as the primary force opposing capillary hydrostatic pressure for maintaining normal fluid distribution between the intravascular and extravascular compartments. When the vascular membrane is intact, it is relatively impermeable to plasma protein, but freely permeable to plasma water. Under physiologic conditions, the difference between hydrostatic forces existing in the capillary and the interstitium external to it was balanced by the difference between intravascular and interstitial colloid osmotic pressures.
To the extent that membrane function of the pulmonary endothelium and normal mechanisms for lymphatic removal of interstitial fluid from the lung are not impaired, the Starling equation may be presumed to be applicable to fluid exchange between the pulmonary vascular and the extravascular fluid spaces of the lung (4).
After pulmonary artery wedge pressure was measured on a routine basis in patients who presented with clinical and radiographic signs of pulmonary edema, it became apparent that pulmonary edema frequently evolves without any accompanying increase in pulmonary wedge pressure. Studies by Stein et al. (5) and da Luz et al. (6) make it clear that reduction in colloid osmotic pressure, frequently induced by the administration of non-colloid containing fluids, accounts for such instances of pulmonary edema in the absence of increased pulmonary capillary pressure. When the difference between colloid osmotic pressure and pulmonary capillary pressure (colloid hydrostatic gradient) was reduced to less than 5.4 g/cm2, pulmonary edema was usually observed in patients (5) . On the other hand, when the colloid hydrostatic gradient exceeded 12.2 g/cm2, pulmonary edema was unlikely and was observed only in instances in which there had been chemical injury to the pulmonary membrane as a consequence of traumatic injury, aspiration, or heroin intoxication, with consequent impairment of capillary permeability.
Measurements of colloid osmotic pressure, like measure-exchange in systemic vascular beds. Accordingly, hemorrhagic shock is associated with a disproportionate decline in colloid osmotic pressure, in part due to the effects of lowered capillary hydrostatic pressure and transcapillary refilL In patients with nephrosis, protein-losing enteropathy, or massive body burns, a critical reduction in colloid osmotic pressure reflects exogenous losses of protein and accounts for hypo-oncotic peripheral edema (18) . Colloid osmotic pressure is of itself a highly significant predictor of survival (9) . Of 99 critically ill patients, 21 patients in whom the colloid osmotic pressure wasless than 14.3 g/cm2 died. A progressive increase in survival, with typical sigmoid distribution, was observed as the colloid osmotic pressure increased from 14.3 to 27.9 g/cm2. Of 13 patients in whom the colloid osmotic pressure exceeded 25.2 g/cm2, 11 survived. A reduction in the colloid osmotic pulmonary wedge pressure gradient was implicated as an important mechanism by which lowering of colloid osmotic pressure was associated with pulmonary failure and survival (8) .
The Oncometer has been in use at the Center for the Critically ill of the University of Southern California for more than four years and more than 15 000 determinations have been completed. It is now commercially marketed.4
The simplicity of its operation, and the rapidity of measurement are significant advantages in comparison to previous instruments. The analysis, including centrifuging the blood to obtain plasma, is complete in less than 4 min. It has proven to be a useful instrument for clinical and research application, especially in conjunction with emergency measurements of arterial blood gases in patients with acute cardiopulmonary crises.
